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Abstract: The track-v;hile-scan and intorception prof.ram used in the 

• initial experiments of the 6889 Air Defense Group is 
described* The note covers such subjects as the c jurce and 
nature of the incoming data, the logical aspects* of the 

• track-wrhile-scan action, and the computations used for 
computing the interception course* A flour diagram of 

the computer program is presented and discussed in detail; 
a coded program corresponding to the flow diagram is 
included but not analysed o 
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1 c.l^^^ oc o p c- of tho t\'ote 

ThiG note is intended as a general introduction to 
•;he Itisic progran evo3.ved ly the 5889 Air Defense Group for 
■:he initial experiments and demonstrations of the use of a 
nigh-speed digital co:7iputer in an air defense system. The • 
specific program discussed herein was developed during the latter 
part of 1950 and vrus successfully operated early in 1951; the 
pro:;rc.'n has proved to be so fundamental in nature that it 
:ias Leenused as the basis for the majority of succeeding programs. 
^incG tnis note covers only the developments and concepts of 

:hf Lasic prograri, it is essentially a record of the state of 

if fairs as of the early sui.imer of 1951 • 

The remainder of this section of the note gives a 
r;fcneral introaiiction to the first 6889 air defense experiments o 
i^^'ection II describes tiie source and tne nature of l^he data 
used in the experiments, iiection III discusses the general 
philosophy and logic of various parts of the track-while -scan 
action of the program; Section IV has a similar discussion regard^ 
ing the interception equations » The material of Sections II, 
III,* and B" is brought into unity in Section V which includes 
and discusses the flaii diagram for the complete track-"while-scan 
tmd interception program. A copy of the orders and data for 
■:he program are included as onA.ppendiXo 

le2 Initial Objectives of Experiments 

The objective of the first air defense experiments 
and studies v/as the use of the V<hirlwind Coaputor to perform the 
necessary computational and data-processing functions associated 

-.'/•ith: 

a) automatic track -while-scan (TlTS); that is, 

the automatic tracking and display of selected 
aircraft using data obtained from a continuously- 
rotating search radar, 

vJid b) the automatic track-while -a can of selected aircraft 
and the computation of the heading instructions 
necessary to guide one aircraft — the interceptor — 
on a collision course with a second aircraft — the 
target o These interception coo^utations were to 
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ti: tiuch t.vat. they could bo used for the mid-course 
pl.aso or the interception, leading to a closing 
prias« uiider the direction of airborne intercept 
(i.l) radar o 

In each of those tasks, nuxnual methods were to be used for the 
initial se?.ection and designation, of the aircraft to be tracked 
and for the transmission of computed heading instructions; all 
other tasko wore to be performed automatically. 

lo5 Equipment and Data 

The computer programs va*itten for the ta>5ks listed above 
Tere to be used with Whirlwind in its initial stages of operations o 
?his restricted the progreiRS to the initial storage capacity and 
operating speedso This capacity was 256 16-binary digit electro- 
static storage registers, with an average time per single opera- 
tion of between 50 and 100 iiseconds* Thirty-two registers of 
:est storage wore also available; of these^ 27 werd toggle 
n;itch registers v^ich were used for reading in programs from 
)unched-paper tape, the other five were flip-flop registers -with 
issociated indicator lights » The flip-flop registers and their 
Indicator lights could bo used for inserting information into 
:he coaputor or for reading particular results of computer compu- 
tations o 

The primary source of data for the computer was to be an 
:^!i search radar operated by the Air Force Cambridge Research 
"ent^r (AFCRC) at the Bedford Airport, some 12 miles northwest 
X'? Bos ton 9 Inasmuch as the radar had no means of altitude 
lo termination, the track-while-scan and interception operations 
\/'oro to be carried out in only two dimensions o 

As a means of transmitting this radar data to V^'hirlwind 
;vnd presenting it in a digital form, use was to be made of a 
;)rototype digital radar relay (DRR) link designed and tested in 
(^conjunction with the Mty/ radar by /iFCRCp Although not designed 
fipecifically for extended operational use, the relay link was 
j)ressed into service because of its immediate availabilityo 

The transmission of heading instructions from Vvhirlwind to 
iihe interceptor aircraft was to be by means of a voice radio linko 
iwircraft for the roles of interceptor and target were supplied 
l)y the Instrumentation Laboratory at KPT and by the AFCRCo 



If,<; Pyor;reo« oS ^^ork and Rcsulta 

Work oil t-iQ foi'Tiulation of the computer programs and the 
coriirc-rucvdon o:? torrainal equipment necessary to meet the t'.vo 
object. ivea ol' lo2 was begun in the summer of 1950 o PrelLiiinary 
fceGts of progriuns with actual and simulated radar data were 
iTiadc in the late summer of that 5'"ear, using only the 32 registers 
of test storage o Extensive operational tusts were first made 
pocr, ille uheji 255 electrostatic stora.ge registers tecame available 
for use by the computer applications groups in November of 1950. 

During the fall of 1950, testing with actual radar data 
.vac hindered by marginal operation of the relay link and the 
•-adc* set. These troubles were investigr.ted and eliminated during 
bhe v.'inter months., and early in the spriig of 1951 a series of 
actual flight tests with radar data were held. These tests 
astablishod that the computer with a storage capacity of 256 regi- 
ster could successfully track five aire aft* or could track 
^:\':o aircraft, guiding one on a col lis ion- -course interception with 
the other o About ten interception fligh; tests were attempted 
'iiid completed through June of 1951jthe :*inal separations of 
the target and interceptor aircraft as t} oir paths crossed averaged 
bet^'oen 500 and 1500 yards c (These interceptions, being 
jompletelj'- of a collision course nature, had no provisions for 
olacing tho interceptor in an advantageoiis p.osition behind or 
;o t.io side of the target air crafts) 

lo5 Extension of Basic Programs 

Along with the basic ideas develcped and used for tracking- 
v.fhii2 scannings it has been possible to usv the computer to perform 
Dther related operations o Among these havo been a limited form 
3f automatic acquisition ««• vdth the computer selecting and 
Initiating tracking of aircraft — and a processing of radar 
Information to permit a direct and immediate typing of position 
coordinates and velocities durizig th© 8iQail\suiooius tracking of 
■■wo aircpaftc 

Studies relating to the use of the Bedford radar have been 
.continued during 1951 in an attempt to imp3*ove and extend tho 
quantity and quality of the track-while-soon and interception functions© 



=» A program to track nine aircraft was written anil operated with 
sor.ie success. This program required thai; the t.-acked aircraft 
we;-o not grouped together with less than a certain minimum angular 
separation. A program which eliminated this restriction and 
T/liich had improved operatir^ characteristics ti.rned out to have 
a tracking capacity'- of five aircraft© 
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:■: arc pr ':ri-''*;-.i?.y Lcdn^ made at providing heading inctruc- 
cicr:.'^ i'o per.t.i.t t}<(? 3.;it(;rciipbor to make any desired typtj of 
approach to the ti-.rge': ±n the closing ejid final phases* A good 
:1c y.l cf Sifforv. is cJso being put into an improvement of the methods 
^-nployed for moo thing the quantized radar data and deriving 
Talv:;3. of airorart velocity o New and improved programs have 
•:een writ ben to taka advantage both of an initial increase in the 
ivailable clec;troptatic storage registers from 256 to 304, and of 
jxpoctcd further increases to more than 608 registers o 
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^A Thcr! ]\u.d uv S et 

The u:rir.-:c'.ry source of data for the computer is the MK7 
-iici; "* est siliu;ited at the Bedford Airport « This radar is operated 
viltr. a soeed of rotation of 4 rpm and has a vertical fan-shaped 
betu; lc2 v/ido (mer^sured between half-power points) and 2.5° in 
^levxtion (from the g;round^to the upper half-power point )p The 
radar provides only range and azimuth information, having no 
prov'.Gions for measuring the altitude or elevation angle of an 
•lire -af be 

littcmpts at eliminating or suppressing radar returns 
.'rciv stationai-y tt\rgets ty means of a mercury delay-line type of 
t'0:'l-_ novil ;g t3.r Ret jrj jltl'l) rrovtd unsuccessful, and at the present tine 
10 V.ZI is used. This results in a situation in which the radar 
ride-) (echoes) contains a good deal of ground returns. These 
;rou;)d returns, or ground clutter , mask any aircraft returns at 
'an;* iG of less than 10 to 20 miles •*♦ Although the theoretical 
oiixi.iUm range of the radar is upwards of 200 miles, the operational 
'•angi ce9n-,3 to to liu.ited to between 70 and 80 miles for moderate- 
iizcl aircraft flying at altitudes less than 10,000 feeto 

Thero has as yet been no opportunity to make a detailed 
tect of radar coverage at all points of the compass or ^altitudes 
ilov : 10, COO feet » The visibility of the radar is probably affected 
ty tao relatively poor site at liedford, where the radar is located 
in shallov*' valloyo Coverage to the west is affected by the 
cont; ianock ran^e of hills and mountains at about 40 miles distance o 
•'or ;he most part,, all flight tests have been restricted to the 
• ires north and eact of Bedford. 



? Actually the radar measures slant range- The difference between 
th.- slant range and projected range is sufficiently small, 
especially in comparison with quantization errors (See Section 2.2o2), 

and is neglected in computer oomputationB • 

>=l)n3.oss othervrise stated, in the remainder of this paper all distance 

raea'urements are assumed to be i^ nautical miles • One statute 

mil • - e 87 nautical miles o 
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i.Lol Genera l Description 

The range of an object giving a radar echo is determinable 
• rem a measurement of the elapsed time betv/een the transmission 
<: a pulse of energy from the radar una the reception of em echo 
?ro:rj a reflecting object; the azimuth of the object giving the 
Jcho can be determined from the angular position of the directional 
mda-- antennae Aujciliary equipment at Bedford converts the cmalog 
•angs and azimuth quantities to a digital form consisting of a 
;roup of parallel binary digits. This digital information is used 
:o y.ry a number of audio frequency oscillators and the paralleled 
Outputs of the oscillators are multiplexed and transmitted over 
in o^dinar:v' telephone line to the Barta Building. At the receiving 
md of the telephone line, the multiplexed signals are filtered 
iutj shaped into binary voltage pulses, and are introduced into 
>hir}v;ind through one of the flip-flop registers of test storage » 

2o2o2 veuantization 

The conversion of an&.log measurements to a digital 
?onn requires that the data be restricted to certain discrete 
.eve Is J v/hon this is done, the data can then be represented in 
luTiericfil form by a limited number of digits. The effect of restrict- 
.ng the data to discrete levels or units is known as quantization 
md -manifests itself as an uncertainty in the data of 1/2 the 
mar}. est level or unit of measurement. Quantization is quite 
:5imiJ.ar to roujid-off effects in numerical computations. 

In converting the analog data to digital form at Bedford, 
'an^riis are measured to the closest mile, azimuths to the closest 
./2b 3 of a revolution. The range quantization corresponds to an 
uicoj'tainty of ^ \/z mile, while the azimuth quantization of 1/256 
)f a revolution or lo4 corrosponds to a tangential uncertainty 
)f ->- 1/2 mile at 40 miles, + 1 mile at 80 miles, a convenient way 
)f visualizing the range an'd azimuth quantization is to consider a 
)olar grid -«• consisting of radial lines :md concentric circles — 
placi?d on a map. The effect of the quantization of the data is 
GO roport aircraft as being only at the varimis intersections of 
tlie i:rido 

Inasmuch as the azimuth unit is 1/256 of a revolution, 
256 different azimuths are possible and eight binary digits are 
required for complete specification. (The azimuth unit of 1/256 
of E revolution or 1.4 was chosen due to its correspondence to 
the >intenna beam width of 1.2 .) It was originally planned to 
ase o if; ht binary digits for range and to send ranges up to 255 miles* 
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Ijii- lo-i ';.:.' tiie cboicc of :v one-mile unit &s the smallest 
^eso i.l;:-tlt! increrreni of rcn^^eo In actual operation, however, 
)\l\r rf-::;;6i up to 127 miles are transmitted; nevertheless, a 
•).ne-: ile unit is ussd and only seven binary digits are employed 
o c; ecify a ran^e» . 

E.Hoo. Analo~ and Diivital Storap;e Tubes 



The pulse .repetition frequency of the UU/ rudeir is 
00 :'pSi and •■'rithin the space of one beanur/idth an aircraft should 
;ivc Lilout IE echoes or returns. If tho returns from 12 outgoing 
uls : ; vcre superimposed^ thi3 returns from the actual targets 
:n :■>■ c iscive scans v/ould overlap and reinforce at the corresponding 
an.: S; '.vhile the noise and random returns would be spread out 
.Ti.d I. ould liave little correlation. In order to take advantage 
•f -ti is fact and to increase the signal-to-noise ratio of the returns, 
■eturns uro integrated over one beanBWidth by means of a video 
tori.je tube at tho radar site. The integration i& performed 
ith bha raw radar video, before the data is quantized, and in 
■iiLz vay the integration performs a filtering action and provides 
. :nK{ riS of video eniiancement o 

The rate at which information can be transmitted over 
•he ":5lep}iDne line is limited, and with the techniques used in. 
'ho i refisnt DHR only one piece of infonaation — either a range 
r a::i'nutii °~ can lo transmitted each" l/5t)th of a second «, The 
rada: J on the other hand, may produce useful information at a 
•. idG'.y varying rate; in tho worst case with two aircraft along 
1 ho [iXTT/j azimuth and but one mile apart in range, video returns 
cr echoes lire received 12.3 tJLSeconds apart* After the quantization 
;rocc.3S; ground clutter and storm clouds appear as returns at 
.'ucccssivo ranges and azimuths, and under such conditions it is 
.ot i.nusual to have echoes along a single azimuth at four or five 
( onErcutivc one -mile intervals. Although at peak rates the 
ruaniized radar information nay be produced at 12 .3 ^.second intervals, 
ever ti complete rotation of the radar the average rate of infor- 
:.ati;.:i falls telov/ the l/sO second rate which can bo handled by 
Ihe i::^R« 

As a means of properly handling returns at successive 
:an^,( 3 icid azimuths, it was ndesssar}' to install a digital 
ttoruge tube at the Bedford ena or xne relay link. This storage 
lubci .vai; used to store all radar infonaation as rapidly as it 
V as roceived and quantized. The tube had a capacity of 32 pieces 
cf i? :rorifi\tion, and either range and azimuth information could 
".3 read out from it onto the telephone line at l/50 second 
i.itci /alf u This digital storage tpbe was used in conjuct ion with 
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the DRii ur;:il o:xrrrxi-y ^ 19olj when i'j '..'ufj re;Tioved due to poor 
reliability^ Siny-",' that t:b:\Cj the dita tranc.mission has been 
such bhat only or^o quantized rans^o *.- that corresponding to the 
earliest or cloce:'.i return --^^ can )yj transmitted at each 
quantised azimuth? Under such a situation, ground clutt'sr or 
near I7/ aircraft would tend to shada or blank-out aircraft at 
larr;er ranites; in order to prevent this from being too serioujs, 
a human operator at Eedford ir^pects and gates out the video 
returns from tne g? ound clutter c '.'his gate>which may be adjusted 
in range as the antenna rotates^ ii usually manipulated so as to 
blaric out the vidi;o at ranges of Isss than 15 to 25 miles-. . 

The ad.justable range gals is only a temporary e::p^dient, 
airicl some storE>gs n\ay be reintrodiced into the DRR in order 
to peri.iit data lj be transmitted Tor two or more aircraft at 
the same azimuth. Tue computer urograms which have been written 
are of such a form that they vviii operate satisfactorily under 
condition,'' in which the storage st Bedford is or is not in usee 

2o^ o4 Timin g 



Information is transmitted over the telephone lino 
each 1/V'O of a second ^Vnonove:.' ther/ is no rang© or azimuth 
inf ornB-.-.ion available to be sent at a particular l/50 second 
intorvel^ a zero ranqe or null fjignu?. is transmitted 

i.-'rior to the removal of thi- digital storage tube at 
I-edforc.^ v.-henover tnere v;as radar ii formation tj be transmitted, 
the aiiinuth information v/as sent at one l/SO second interval 
and at succeeding intervals of 1/50 secord thr- range or ranges 
al- tnat azimuth vrero sent. These v/c re followed by zero ranges 
until the next sequence of azimuth^ range, etc* wore available 
to 1-e sent« if the radar received r.v returns during a sector 
of the scan, only zero ran-;es were t)'ansmil tod .in that period* 

Since the removal of the digital storage tule, there 
is^ of course J onl^/" one range per ai.imuth.> At the present timej 
every other 1/50 ."^econd transmission is an azimuth — tno current 
aztrauth of the antenna j after each azimuth ither a ranre or zero 
range is sentc Since there are 1/2 x 15 x {'J or 375 azin.uth 

^ n-ctually^ this is only one range per IZ^-pu ne integration:- 



.'. ic;i.'.; r.;x ■...:•■» •, in";.;.' c; :1 but S-jG diri'&rcnt azimuths, about hc.lf 
l;.-.- i;.;: :, uvjis .-ri; trt::sniitt:o;d twice per scaiio 

^-■- ■^[: *''°5!Ji±fa 

The trunsndssion system from Bedford has 10 parallel 
■ Im vi-y '. halm's 3 S;, tne infonnabion sent in each channel Leing either 
;■ or 1. Consider thesa chcjinels as having outputs at VJhirl- 
:.-.nl nurberccl from to 9*** Output jjO is the timing channel 
;.:iA rsc ivos i. each l/50th of a second* Output /^l is used to 
c; ;.r, !;in;:. ish between. ranif,es aad azimuths; an azimuth is indicated 
"..y i 1, a rarj-e by a Oo Outputs ir'd through 9 receive the parallel 
c:.~:.tai ran-^c or liziniuth information with the following convan- 



Az ir.iuth : 

The digital information is a 1 inary number 
from up to 255 representing the number of 1/256 
purts of <?. complete revolution- Output 7f9 is 
vvei-;^hted as 1^ if3 as 2^ jfl as 4, «... •eoo|f2 as 128 o 
An azimuth of corresponds' to true r^orth, 64 is 
vest, 123 is :,outh, 192 is cast. 

Rar:.^,es : 

Tliy digital information is expressed in nautical 
rniXoSj and extends from through 127 « Output jfd 
ifi not used for range transmission and contains a 0, 
output 7,-3 is weighted as 1, f/7 'as 2, jj^ as 4o«r, ooo<.« 

The tranomission of ranges and azimuths is summarized in 
.rc: r. It should be noted that I's at outputs jf 1 through 9 
•esp. nd to an azimuth of 255/256, juiJt east of northo Zeros 
iutp\ ts #1 throu;2;h 9 is tho zero range or null indication 
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Trie terminology output is used here in place of channel so that 
ti-)Q outputs can be numbered in accordance to the numbering of 
the cr.^it positions in Whirlwind to which they tire connectedo 
ThG or. i-nnel numbers , as i.-.ssigned by AFCHC, do not correspond to 
t:.e oi tput numbers o 
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?. - 3 lu"';r olu c t ion of Duta Into tihirlwind 

A piecG of information — » azimuth, range, or zero range — 
i3 rcfceived at the Vihirlwind end of the telephone line each l/50 
of a second o The data, in the form of multiplexed signals, is 
filtered, tho pulses arc shaped, and the data is then introduced 
into riip-Flop Rer;ister 4 of test storage. The transfer of the 
information is dons with video pulses, and is synchronized so that 
the data is not introduced vrtiile the computer is reading into or 
out of the flip-flop register o* 

The arrival of the data is, in general, non-synchronous 
with the projf;ram action of the computer, £uad since there is no 
buffer storage at the input of the computer to store or save this 
data^ it becomes necessary for the computer to inspect the flip- 
flop rcf^ister oftener than each l/50 of a second so that data 
is not losto At these times the computer must remove, operate 
upon^ and store internally any data discovered duiving the inspection© 

The computer initially sets all digits of the input flip- 
.':'lop register (Fl'-^:) to I'so This condition represents -0 to the 
computer, and this negative condition is used as a no-input indica- 
tion. The ten data outputs from the telephone lines are connected 
:o tne correspondingly numbered digits of the input flip-flop* In 
id.dition, the timing channel (output ^0) is also connected to digits 
lO tnrougii loo The action of an input frcm the telephone line is 
zo reproduce the liinary digit information in digits 1-9, vmile 
jhan{,ing digits 0, 10, 11, 12, 13, 14, 15 to the zero conditiono 
ihe changing of digit to a effectively makes the flip-flop 
apps.^:.r positive and hence is used as an indication by the computer 
"bhat data has been receivedo 

2c4 Specialized Characteristics of the Quantized Radar Data 

ivi'ention has already been made of the large number of 
echooG received from stationary targets such as ground clutter.. 
r>uriiig inclement weather, returns are received from storm clouds 
and i.n general there is a certain amount of apparent radar return 
which roG'ults frcsn noise within the radar receiver or from 
atmospheric conditions » Some of this noise manaj^es to survive 
the integration process and is quantized; other incorrect informa- 
tion is transmitted as a result of encoding errors .at bedford or 
errors in transmissionc 



Koi- details of the svnchronization, see W-2068 and K-387 
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;.. .ouhr^r i h;^-'.. '-.crict/.c of tho data which must be noted 
:1s th; pcor. ibility of a Iccl;: oj? reports on certain aircraft 
i>jrir.;, suctjossr.vo i caiKj o.t' 'l;:!© antenna >, These missee may be due 
\,o tl;.:) vc'r':5.cai po; iticn of tho aircraft with respect to the radar 
?;3an, the (lictfirco of tiit aircraft, or the type of reflecting 
rui'ffc.oe v/h:lc}i ■';he r.ir craft presents o The latter factor is 
I raifjGtod by Q hifihsr probability of miss when an aircraft makes 
?■ tiii:-:ac. 



'iho quan'/.isation cf the radar returns requires that a 
cefinibo cJioice bo made as to whether a particular analog 
I casi'-'caonb should bo quantised to on© discrete level or the next-, 
'i.3 (,rir,rj..c:;nriGtic'=i of the encoding equipment at Bedford are such 
vlia'.. rclif^:) ^iio digital stortso tv.be is in lis e^ targets whoso 
,cfcu: 1 i-.'i.r-.? f;:.?.l3 close to half -tray between two successive quantized 
nliif,': ifljiy bs reported c.'!: both ranges c This phenomenon of 
' '^lil^- Pi®^-£.^S£. re.'t^.-trns is nonexistent under the present mode of 
f psrc.tion 'uithoirv vhe Gtora§;o tubeo * 

■ ■ » 

I'ho action of the video storage tube together with tho 
\:'.dt}r of tho radar beam and the attendant side-lobes tend to 
.^.reccie j.ultiplg_ e.s igutb retvjrn s irherein a single aircraft will 
:o reported at the earns raago bit at more than one consecutive 
.r;ini;ths.. This ph anon? en on is rather "coamon and may involve more 
••hari t/Tfo consQcutl/e azimuths when the aircraft in question is 
.vt .1 rGlativoly Ict range and the radar echo is fairly strongo 



See 2o2,4 Apparent Multiple range returns are possible when 
the same azimuth is transmitted at successive azimuth 
trt.-.inmisr; ion intervals c 
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-• • •' ■ - Lcf i-iltion of Ten nR 

'-J'oT convenience in the rsmalning sections of this note, 
?:.';. Vji nccssiiijry to df)fine two tenne which shall be used In the 
dc. ?r:.<; l:..)n of t};(j ti'ack-i.'hile^scan activity of the computero 

hj the ten:) cc :; T;3lat I c^. i s intended the means by which 
i.h^ r-ida:-' data correspond I ng ';o a particular aircraft is identified 
CI. ■ucce^-nivf j.c.'ii?. of tv.e radar antennae The term smoothing ie 
■:■■: tc :.e£Ciibe the procoss by which the radar data pertaining 

tarvi.culer e.iroraft :1s manipulated and used on successive an--' 
.*r i ••. i-::.,:,\s so tr to permit l determination of the velocity compo- 
iicr: :r v^f U'-e aircraft-- In ^he sanse in which it is used in this 
*-=-'■•■ Sin-V:k^£i^2dZ^£§Il iii^pl^es both the correlation ^nd smoothing 
i' '-.I'-i rr:.c-Gr dao£o ^ 

3'1^ Conrdinate ,Sjgt_-jiS and pjspjlays 

In accordance v/ili- the discussion of Section 2o2j radar 
cev-, if- r:.Ecs cvailsble to '.'hirlwlnd In polar coordinates in. terms 
fl . "^n7or and azimuths TbAs data is converted to (Xp y) c6ordl« 
•ii. --. :>;.' t.bo computer both for use in the track'-while^scan function 
•-.n:: ;:;C- a v:ean5 cf J.?r:plf-:;r.ent Ing suitable displays-- The .conversion 
r.-^o; (;- S'l to (x, 3'} cbord'J nates Is accomplished by means of a com- 
pv. ■--..- su'c- rogram 'vhloh i^alculates the sines and cosines of incoming 
■?.:::.', ::th an':! e? 

A prim iry reason for the coordinate conversion is to ew 
5bl£ a. coiTjUtcr-<';ontrolled display of all or part of the received 
:acr. - data The scopes presently available for display purposes at 
vhli. 175 r.d permr't a proper /." 1 display only when the deflection vol* 
:<ag£ . are propctional to the (x, y) coordinates of the informatlonc 
'he 3^ {x^, y) prsitlons^, available 5n the computer in a digital form^ 
vre ■ oDverted to proportional analog voltages for the scope deflec- 
.'.cc' by rre-ans of digital=analog docoderso The .l-Z-i presentation 
.G u der tbe ccvtrol of the computer which displays the incoming 
i:tL in asiimuth sequence ^ but the i-cope is intensified and a spot 
. liu.! .in£ted on.li for each piece of, radar data; this latter fact makes 
b«2 display difJ'erent from normal radar ^*^i displays inasmuch as the 
pJntly traced lotating line sienifylnf •♦■he rotation of the antenna 
5 missing and there is but a single intensity of display^ with no 
■ slf' toiieS'- 

For II. e general purposes of track-while-scan and inter-* 
.pi:. on? ^>-o cMTiputer generates two saparate displays., either of 
:?.h or b.;.:h my be presented on long^persistence cathode ray tubeOo 
-, or. - cisplcyj, the D sc ope display ,, all of the incoming radar data 
• £n-Yir:.i i: secc\id display j, th e F scop ty display ^ is used as a means 



or: 
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...'•.;.;;■:;'.■: only £. f illLered pioture containing only those se- 
. .:.:'!: \-fv v.h:lc}> thv": computcjr is trackin^ro Either display 
ih - i. y V-j £-hcur. cii ix single oscilloscope depending on the 
to;:, ov b svitci": 

A display sc:)pc, specially designed and constructed at 
hi..t- filso been iijC-talled at the Barta Building where it can 
UL'GC. to directly diiiplay \r^, 6) data arriving over the tele« 
n<^ j.jr.e or date prc-'.dously recorded from the telephone line 
/.agncc order Tape^ This display scopep commonly referred to 
Li 'ihe l-'i pital PPI , does not require processing of the data by 
lU computer and provjrlesj, among other thingSp a handy means of 
ch ci:inG the incoming radar datao However, for the purposes of 
l^ jiBctive or filters ;! display^ the computer-controlled present* 
'.'on L"<i tha &dditif».ml scopes and decoders are necessaryo 

A further reason for the conversion to and use of data 
:.! \x, y) coordinate ;.\jrji is that it permits' simpler program.ming 
;■•. z:bt£.ining .omootheii values of velocities and for calculating 

■ ::rc^;pV.icn' oourseso The simpler programming is* primarily due to 
r^= iB'it that an Qircrnf^ flying a straight«course at constant 

■<. 11:6 Ep~Z'.6 nas constfuvi x and y velocity componentsc A straight- 
i\i : corslar/c-speed path does not ^, however^ produce constant ve^ 

:ty components in a radial or tangential directibno Pigher 
• •( : : dei'lvrMve.'s in (r^, 8) coordinates, ioj,*, accelerationSy com* 
]:[.: -it^to v.-.r sir.oothing of velocities and the computation of the 
;:.: '.ini^i- .:< r £.n interception coursec 

i.ns Ciisadvarnage which enters into the use of (x, y) co- 
'^r-. -nstei^ .:.ri£CJ& from the effects of the (r, 6) quantizationo The 
r;v..: e cua.iwi-zj:,! ?on is f.'ir.ed^ ^hile the azimuth quantization, in 
■-:.; -.s of (^Istci.ct rat>.er than angle,, varies with range and above 
..:) illcs '\he c.i.antizatlon in azimuth is effect5.vely worse than 
;-]•.. ir. riinge- The, coordinate conversion process tends to mix the 
:-vc ?.\:.C:n'/..i:at ionSj, witn the resultant quantization in (x, y) co- 
d::: nster- vai;-ing sin-^soidally with positlono The mixing of quanti- 
iirt .on h-'.{5 ar effect on the smoothing of velocities since the 
rer' .'r£ll.y sinfllsr quani-lzation error in range is mixed with the 
ler;er error in azimutli to produce an intermediate amount of quantl^- 
2itt on in to'.h x and y coordinates ••> 

/; f^econd mod(i of display is used by the computer to pre- 
iie-i the j'e'''alts of thii computation of the proper heading angle to 
be -ranen,:t-i.?d to the jilot of the Interceptor aircraft© This angle 
ic- ispltjed in the infiicetor lights associated with one of the flip- 
fio store f:f registersc The angle is initially calculated in binary 
i'ov . hul Toy puriDosee of display it is converted to binary-coded 
Occ 'T.i j',.--T ',7jth refnrence to magnetic lortho (Each decimal digit 
•f }:<:v 'iTt / cing anglejjfizqrressed in degrees, is represented by its di- 
rr-, b1 n.ry eQuivalenlt.. ) Recently a direct decimal display of the 
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:~ ■•ii^ ' -•;".■ V'. r;.: ;-::^; ,: ;.-r-.lb'u. b;}' means of a relcvy converter 
.:.;. ,■■'.: to t:;- i.j :.i;;-,; --:. : •;.!} n^:ci:tor lights. 

i\rz c.-:::?iiied in i--ecVxon 3-.lclj the correlation function is 
ihcc of ( cti^rnrinini? on succei:?ive scans which piece of incoming data 
cc::!' cipc. :is co an aircrcft being tracked.- The incoming data con- 
L'ict. oj" -i siqusncs of azin:::tijs and ranges, or after conversion^ a 
r:e.:u( nee ;:;r (x. y) posit \on:r'- From tlils data must be extracted 
i-bi:.^( re r.. iris which appsar %o correspond most closely to an aircraft 
hid ^ t: ; .:kef.",' The method o.v correlctlon must be- sufficiently so- 
tI'i;. :=' i=";ri ;i ;. o that the comj^u'er is al:.\e to make a proper choice when 
;r:i . D.M"; rer.sives echoes fi-crr. two or Eiore aircraft closely spaced^^ 
"■']fj : D?irL :«}' Similarly must not be confvsed when the DRR transmits 
."'.:.;..-• :.'.x .ijt',irn;- from €. irinrle aircraft^ On the other hand, the com-- 
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:if; able to lecj^'ni i:c and take proper steps when the radar 

ni^y-i- - tr aiicraft en one or niore scans.-. * 

Th." (M-.rrelation process relies htnvily upon predicted values 
w.f ^r ~:.t; in c; 3 supplied by the smoothing action of the computer o The 
■:-.-.c r c? -f-cE. are interrelate c' : The correlttion process must supply 
'■.:•:- i ':--\.i ~ dc.'..a for the smoothing, while the sm.o^thing process,, in 
■ :'.•. •;, . rc' ■j.rtf for the ccrrtletion on the neii- scan? Once started j, 
'■.!,'. :r "n;; .ce 11 salf---perp2tv.2ting,; but proper action is required for 
■!.l:c 1 r.'tl .tlcn of tracking en the targets "Thet is to say,, on some 
j.'Ci- ; .]-.€■ omputi-r must be iniormed that it is to start tracking a 
p::: 1 ji .1 ■ ■ s.5rcraftt. In the interception problen^, the computer m.ust 
j;.l.':. .V L SornieC initially of the identity of the aircraft; target 
or • r .i:i :: ptcro 

• ^' ' 'L' g.g_ Qf._ Vs lcci ty In.l orrriatio n 

Under opti.nurr conditions -- ■•■ those ir. which there are few 
LircT St n the area, these aircraft are fairly well separated j. there 
ii- "1 M:'. prounc clutter, and the aircraft do not travel very far in 
t?n ".- C'f uantiiing units froT scan to scan '- ■J;hc. corTTislfviinf; 1^\i\v-^'-if'n 

cir c ox rio-3 cut withou';. any knoYsledge of the velocity or x,ne air= 
( i^:!: •: h rrElellon Is accomplished by expecting and looking for the 
i. i.vrr i'v . rr\ng one scan of th'2 radar at the same position or within 
£:. ^:'.f! j. .1 -iiG obcut the position p/here it was reported on the lest 



(...•!'-h th( 
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L-nder more realistic conditions j, howaver — ' conditions in 
L^ ir, a ?.igh density of aircraft with crossing 'aircraft 
3 ! 'j'j6 deal of ground clutter..^ and high aircraft speeds ••■■■■'- 
I r-:. rlxon function is ncl. so easily perforaiedo In this case,^ 
.i:r-.. '-• of thii aircraft's velocity permi'.s a prediction to be 
f -i e e.'crected -po;=1itor; of the alrcraf:'^ and enables the computer 
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.;) . -'..ect ').-;! i.rir} pQ- iL;;b]y thc best of a nuralDer of pieces of 
•v."'* - c'..-.ti.-. which Aij.glit corroGpond to tho aircraft* In f;en6r(i.l, 
:;:•: ./Krvltid;;::. of i.-.n aircraft's velocity components eases the 
:,:k:i i'.ii.tion problem since it presents additional information 
vit: .r'h:-.cl: to carry out tho assigned tasks 5 

As nctod acoYQ, the velocity components produced as 
:. n ;ult of a smoothing process enable a short-range prediction 
:}f I ..'>:'.tio;i to b© made, this prediction then simplifying the 
00x1 latioia process o With reliable velocity information, tho 
aoiTT tor is able to predict positions of an aircraft for some 
lo:: r timas in the future^ this is reliable only if tho aircraft 
I'j '■ aYciiins & straight pathc Predictions of future positions 
:irr. eoossarv ior tho computation of a collision course in 
v;i:.', tlie intercoptor is dirocted on a straight-line path which 
iij; en!:.bl3 it to reach a point in space at the some time as the 
iat > t aircraft (see 'voction 4, 2)0 

Z.>2r.h Initia l C orrelation of Data "° The Time Counter 

As sumo that at some time during a scan of the antenna, 
tljc> lonpubsr hiis boen able to predict the probable position of 
." i.i ^.okcid aircraft during the next scano The initial step in 
'.hi .::DrrGlation process j, then, is to screen the incoming informa- 
^ xi:; du:.'in2 the next scan and pick out those pieces of data which 
'.or. :.spond closely enough to this predicted position to warrant 
■" 01'. li.^erati/vn^ • 

Olio riethcd of attack would be to inspect every piece 
cf • -icoziinj infcra&tion, checking its coordinates with the 
! r. /.ctcd coordinates of tho aircraft in question- Obviously 
:.b'' .nspectioii of each piece of incoming information is unncessary, 
ciy. J '.r:: Lood ir^ poet only those pieces of data whose azimuths 
x'e.:. clo-sc to tho predicted azimuth of the aircrafto That is 
•'re . iVj, \ye. nood only inspect those pieces of data received when 
thci antonna in pointing approximately in the direction of the 
f.i:-: •/li.ftc 

Whon the above-mentioned method was first investigated 
r.r.,' rjonsidorod^ the digital storage tube was still being used as 
rj. •) 't of tho DPlRo As noted in Section 2o2o4, the characteristics 
of 10 dcba at that time vvero such that azimuths and ranges were 
i-.o:: only -^hen the coordinates of a radar return wore being 
r.n jraibted tc the computer o Thus the azimuth of the antenna 
v.T. ' T.ado cvailable to the computer only when a radar return was 
be;:. ; trcnsmittad, and this azimuth value would not necesssirily 
cc:. ^:3 pond to the present position of the antenna due to the 
do'.. J c£ tho digital storage tubOo A further unfortunate 
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.v.: .t.o-Jj/i iftic of t.he digital storage tube was that if the informa» 

:;:.' ... to t3 sent accurnulated beyond the capacity of the digital 

.3t- age tabtjj tho excess information was written in ovoi-* the. previously' 

■v;-.; .(id inrcrmationcr Thio overwriting caused the stored information 

uc :3e in 3rror^ and erroneoun azimuths and ranges were transmitted 

■ivi tho telephone linoo The overloading of the digital storage 

•:u' ■ occurred froqusntly enough to make it necessary that the 

oor y:.tcr net use the transmitted azimuths of the DRR as an in» 

'Ha .tion of tho present orientation of the antenna o 

Tho overloading of the digital storage tube was but one 
he rear.ons why no attempt was made to use angular position of 
entennrv directly aa a means of data correlation; if it had 
':;,;... the only reason:, certain changes could have been made in the 
■ l:.[ bal f^tora^je syst;n to eliminate overloadingo* As discussed 
I)i Section. Solo2., th-3 us© of (x., y) coordinates was necessitated 
.7o: SGVGra.! reasons j, and if correlation with azimuths were to be 
z'c: -ied out there would be a necessity to convert the predicted 
(:: y) position of tho aircraft to (r,0) coordinates o Such a 
ii:; ore ion would havo boon fairly costly in computer storage o In 
ic.- -tion J a comparisoD. of the azimuths of the tracked 
a:.; raft and of the incoming data is nou a ajaupxe opora-cioa ana 
3:: 3.i;:i c:xre is necessary to handle the discontinuity in azimuths 
i: :he antenna passes northc These reasons, and others which will 
'x ■' .T-o C7ident in succeeding seotions, pointed to another method 
or .i tcrminin^s vfaon incoming radar data should be correlated with 
cI.! predicted position of a tracked air craft o The method adopted 
1: vh.j-t tir^.o (soo below) still appeeu-s to be the most acceptable 
or: ^-ren andcr the latest operating conditions with the digital 
oi . "5:.gc tube removed and ths DRR sending all azimuths, each azimuth 
bo; :.^ trs.iEaitted in close relationship to the antenna positiono 

In briof, it was desired to set up a small angular search 
•:.t cir cGatored on tho azimuth of a tracked aircraft, and all 
d'. •. arri7ing in this sector was to be compared with the position 
:..!' hat c.ircrafto The bounds and position of tho sector were 
er- .bliBhed by counting the pieces of infonaation arriving over 
t}:/ DRIio As noted, one piece of information -- azimuth, range, 
0:: ;:.£:*c> range — is received each l/SO secondo. Thus iu 15 seconds 
or ''T.0 antenna rotation, 750 pieces of information are received 
a?; 750 counts can be registered by the computer* If a storage 
:rcr i.Etcjr referred to as a time counter were set to when the 
d:i-; :i' corrscpcnding to the tracked aircraft was received during one 

* : e changes wore under consideration at the period prior to the 

: vrr.oval of tho digital storage tube at Bedfordo 
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■> .!>: :.i iho cor.puboi- ac.ded one to this counter on the receipt 

■ c -.•:: o;. picc3 cf incoming data then the search sector for that 

.: : 'i -ii ' . nif.hv teg in again when the time counter reached a value 

c' , '.c.yj 725., If the time counter reached a value of about 775 

■.■..;: :ut Jiy dcvm being f ound v/hich corresponded with the tracked 

.. .:. • 'iS'- :. then this would servo as an indication of a rp.dar TnisB 

: :" 1 \i>p:; -priato action could be -taken o 

The !3xact details of the use and setting of the time 
c'.-'M ;i;r rill bo discussed morq fully in Section 3o2ci6o For 
p ' n ?nt urposos it is only necessary to note that a method is 
:iv x: isjc'j \ for establishing a search sector for correlation and 
b . A- th': use of such e- sector means that the con^uter need be 
:^^i n-.' . vith a particular tracked aircraft only during a 

»• short poricd of time during each antenna scano The 
t:.ma and resulting efficient \ib e of the computer time 
v: r. ;i' th±v. lattor fact makes it possible to employ the computer 
:i;;J plo aircraft bradiiOi^ without any need of utilizing 
vx" -nal storage cr out- computer as a buffer storage for incoming 

-<:; t iSy sinco each piece of incoming data need not bo 
•.-<:^ vritli _all aircraft but only irith the few which it falls 
c -7.&0O of incoming datacan be handled ojid processed in less 

^\ So:.6ctin g the Bsst Piece of Data, v The Search Area 

The previous section has discussed the establishment of 

. C: nector iTithin which all incoming pieces of data are to 

.:•;: ted for corrccpondonc© to the predicted position of the 

z'.K .ircra:?tc As will be noted in Section 3c3 , the predicted 

:.-.•:: of an aircraft will generally be given with greater precision 

'■' '.. ?. mil a; the radar data^ on the other hand, describes the 

•.*v icn points on a grid whose lines are about one mile aparto 

> c: iipj.G :3f the situation which might be encountered, consider 
;:> :• In this figure the circled dot represents the predicted 

i/icv of tho tracked aircraft and the crosses represents ths 
rj.c: ci' the incoming radar data in the search sectoro An 

K'.t:; n nf data a, b, £, and d should lead to the conclusion 

i;h: pciitilcn labcllod £ is probably the quantized data most 

K-i: or;espond5.ng to th© aircraft, that is, c is the "best" 

ci data., This decision is based on tho fa'ct that c is the 

■r'h: h is closest to the predicted position of the aircraft c 

It iti desirable to discard a piece of data as soon as 
.blc in vio^y of a general need to economize on storage space o 
iorrp ter could store all the pieces of incoming data falling 
.:ci ; o {,;earch sector and then determine which one of these is 
'be; :"} xt^v more dosir£.blG is a means by whidi each piece of 
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'■.■:.Il\ cm "tc :nGc: ar.d thou discarded beforo the next piece ia 
. ii>.de r'.vailEvl .« £ron- tho telephone lineo Of similar importance 
.3 tho noed :o bo able to determine when the antenna has passed 
:hrough the search coctor of a tracked aircraft without finding 
. piece of c.:ta adequately corresponding to the predicted positiono 

As a convenience in explaining the method employed, let 
-t b© assuniG 1 that the predicted position of a tracked aircraXt is 
and y o ..at it further be assumed that the data falling within 
.no soar8h '.ector corresponds to positions x 

\ y«L' '=b' ^b' \' ^c' "d' ^d' •*°° 

' h3 ocnputer then considers a circle about the point x > y o This 

;irc.l») is cc. .led the sea rch area o* The initial radius of this 
drclfi is al 'lit bhrce milofj ,thi8 size being chosen in consideration 
>f pD; 3ible -rrors in the predicted position, especially after 
.nitiiition {;oe Section 3o3), and the effects of quantization^ 
iSt this ini 'ial radius be designated as r^o ♦ 

Thi action of the computer in selecting the "best" piece 

>.r da.;a 3.3 t.: follc/Ts; when the data x , y is received, the 
p a a 

•uanbf.fcy (x - 7- ) ' + (y - y )^ ±q formed; this is denoted as r - 

l '- P ^2 2 ^ 

he co:Tipute:r then checlrs to se9 if r is less than r^ c If so^ 

he conputer selects x y y' ar the probable position of the aircraft 

^ a 2 2 2 2 

.nd ,jvibstiti:.:os the value r in the place of r,. ; if r ^^n » "^® 

.ate. ji rejc '.tec... V/hen the next piece of data — x, , y, — is received, 

=» 2 «= ?. ^ ^"^^ — 

X - :i, ) -^ (v •'^^ y-,.) is formedc. If this quantity, r, .- is found 

p b ^p ^b ^ 2— /2^— 2 

.0 t3 less t.-on the previously selected miniTnum r-.r.. or r ..- 

hsn i:ho pie q cf data is selected as the new minimumc Again, if 

2 

if; founc to be equal or greater than the previously selected 

liniTni.u^ the data is rejected and no change is made in the 

2 

. ■ iniiniLTi r*^ c This process is continued for all pieces of data falling 

'ithii. the o :arch ssctor; whenever a better piece of data is found, 
he 3izo of :hQ search area is reduced* When this procedure has 
;een carried out fcr all pieces of data received within the search 
■ecto:*, the 'best" pieco of data— th« darinitioa of "beetJ** 

>ein^ the cl raett -- will have been chosen- 



Th3 '.cord £ oa is used since in preliminary programming a square 
va.3 used f,d 'ether shaped areas were considoredc Correjsponding 
toriiinolo^': fcr Gne log equipment is th e gate or boX o 
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It should bo noted that if it is found that the final 
radius of the search area is still r^ after the antenna has 

passed through the search sector, then it can be assumed that the 
radar missed the aircraft « The action in oetsos of a misB is 
further described in detail in Section 3*2 .5 . If the aircraft 
was not missed > after the computer senses that it has passed 
through the search sector it proceeds with the smoothing and 
prediction aotione (See Section 5 c^ 

At the present time, tsio different initial sizes of 
search area are useda The larger size is xisiyslly set at about 
four miles, the smaller at tiree miles* laaiediately after initiation 
or on the succeeding scan after a miss, r^ is set to the larger 
sizoo On any scan after the computer has successfully tracked 
tho aircrcLft, the smaller value of r^ is xisedo 

The initial size of the search area is stMoenhat of a 
critical matter, and the values indicated above were selected 
only after a careful study of the effects of various values of 
r^o In particulGir, it is desirable to select the r^ small enough 

so that only the quantized data of the traoloed aircraft falls 
witiiin the area. If the r_ were larger and several pieces of 

data fell within the area, then whenever the radar missed the 
tracked aircraft and yet reported other echoes (possibly other 
aircraft) nearby .the conputer would' not suspect a miss and would 
tend to conanence tracking on the other piecss of data (See 
Section 5o2 ). On the oth«r hand, it is neeessaxy that the search 
area be large enou<»h to enable the computer to track the aircraft 
despite any sudden maneuvers or turns by the aircraft being tracked. 
In more sophisticated versions of the tracking program which may 
be TTTitten in the near futij-e, more than two different sizes 
of search area may be used and the search area might be varied in 
accordance with the previous history of ttie tracking of that air- 
craft* In addition, the size of the search area is likely to be 
changed from a circle to some other shape, possibly one which is 
extended in the direction of mofion of the aircraft « 

3»2e5 Initiation and Cessation of TracVJng 

For initiation of tracking, it is necessary to indicate 
to the computer which of the incoming data represents the present 
position of the aircraft which is to be taken under ocnsidoration. 
The method used at the present time for the Seleotipn of the 
aircraft to be tracked has been termed nanual initistion or manual 
aquisition o Manxial initiation re<^uire8 the services of a hiS^ 
operator who must identify the aircraft to be tracked from a 
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PPI display, either the display vrtiich is generated by the computor 
or that which is made available by the AFCRC digital scope » 
Automatic initiation , on the other hand, is a method "by which the 
computer would employ some criteria in selecting particular radar 
returns to be tracked© These criteria might be the existence cf 
otherwise untracked returns within the area of radar coverage, 
might be related to the appearance of returns near a peripheral 
boundary about tiie radar set, or might be concerned with certain 
characteristics of aircraft returns such as their positions and 
movements. Except for one preliminary programming study of 
automatic initiation, the Be.dford experiments have all employed 
manual acquis t ion o 

As a means of implementing manual acquis ti on, use is 
made of a photoelectric device termed a liRtt gun ** This device 
consists of a phototube with a small aperture which will receive 
light incident on tho end of an attached narrow tube or barrel* 
The end of this barrel or tubs is placed on the PPI display 
over the position of the selected aircraft- Vftien the aircraft 
return is next displayed, the illumination from the spot on the 
face of the cathode ray tube is used to trigger the light gun 
and form a pulse « This pulse is immediately used to diange the 
sign digit of one of the flip-flop registers (FFO)of test 
storagOc The action is quite similar to the use of the timing 
channel in connection with the input of radar data* The s ign 
digit of the flip-flop is normally a 1, indicating a negative 
content^ and the pulse from the light gxin is used to reset sign 
digit to a which gives the register a positive content 
The computer, after displaying each piece of radar data ly setting 
up the horizontal and vertical decoders to the proper x and y 
values, stores the x and y coordinates until it has had a chance 
to investigate the flip-flop register associated with the light 
gun« If the computer discovers that this flip-flop has a positive 
content, the necessary action for initiation is undertakeno 

When performing an interception it is also necessary to 
specify to the computer whether the aircraft being initiated is 
the target or the interceptor. This is performed by adjusting 
the toggle switches associated with the light gun flip-flop 
register so that it (the register) will bo reset to either of 
two different negative values by the pulse from tho light gun. 
In this way the conrputer first investigates the flip-flop to seo 
if it is negative and if so, a further investigation is made to 
see to vrtiich of the two negative values it has been seto 



« A more detailed discussion of the light gun is available 
in E-2024 
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In the intorcoption program, the computer is always 
tracking, or attempting to track, two air craft o 7/hen the program 
is first inserted into the computer and radar data supplied, 
it attempts to track two imaginary aircraft at the origin.. Since 
no radar returns at the origin are ever received, the computer 
acts as if the radar is continually missing the two aircraft 
and it waits in expectation of a return from the imaginary 
aircrafto The search sector is set up, but no returns are ever 
found vrithin the search area and inasmuch as the smoothing ' 
program starts with a 2ero prediction of velocity (see Section 55} > 
the tvfo aircraft are repredicted at each scan as being at the 
origin o In a similar manner, the computer will continue to 
track, or atten^t to track, the last aircraft initiated as target 
and interceptor until the light gun is used to acquire a new 
target or a new interceptor o 

An evaluation of the action of the program in tracking 
either the target or interceptor can be made by reference to 
the filtered (F scope) display on which only the tracked air- 
craft are displayed** As noted, the computer checks and 
investigates returns until the radar antenna has passed through 
the search sector of a tracked aircraft; at this point the 
size of the search area is investigated to determine whether the 
radar saw the aircraft. If so, a display of the position of the 
aircraft is made en the F scop©; if the radar missed the air- 
craft or the computer is improperly tracking, no display is 
given on the F scope. By super i'-^.posing -the two scope presonta« 
tions and noting whether or not a double display (the tracked 
or filtered display appeare slightly later in tin©) oocurSi, 
it can bo seen whether the computer is tracking the aircrafto 
Other visual scop© displays or presentations in flip-flop 
indica.tor lights could be made to note the successful tracking 
of either target or interceptor; at present such additional 
displays have not been needed o 

In the multiple tracking program mentioned in Section lo4 
wl-iich tracks five aircraft but which carries out no interception 
computations, there ir. no need for designation €ib target or 
interceptor o The tracking section of this program actually has 
t\¥o modes of operation; tracking or non-trackings Tracking 
of a target is accomplished by use of the light gun on the main 
(D scope) display; cessation of tracking on a target is 
performed by use of the light gun on the filtered (F scope) 
display c In this program, faulty tracking or "misses" ore 
indicated by the illumination of two points on the F scope, 
on© at the position at v^iich the aircraft should be and the 
other at the origin.-* 



The display at the position of the aircraft is needed to 
implement cessation^ 






Fcr ptrrposes of keeping count of the number of aircraft tracked „ 
a binary indication ie shown in one set of flip-flop lightso 

For both interception and multiple tracking programs , 
the actj.on follovring initiation is quite similar and v/ill be 
discussed .-noi-e fully in succeeding sectionso Tn brief j, the time 
counters must be set (see "Section 3°2o6), the initial x and y 
velocities set to zero (see Section 3o3 ), the large size of 
search area inserted, and the x and y positions of the aircraft 
must be transferred from the display section of the program to 
the set of registers allocated to that aircraft© 

3«2o6 5^e tting of the Time Counter 

The important values or counts associated with the time 

counter are shoTvn in Figure 3o The values shown are the values 

15 
used by the co iputer multiplied by 2 (They would be stored in 

the computer &£ 100 x 2 '^, 550 x 2 ^, etco ) Assunte that the 
position of the aircraft is as shown with the cross© 

Upon initiation the time counter is set to «'650o This 
count will be increased by 1 each 1/50 secondo The com.puter be'=' 
gins correlating the incoming data with the aircraft when the • 
time counter gets to +1© Each time a better .fit of data is found 
the time counter is reset to +100» Tn time the best "best" fit 
of data will be found and 100 counts later when the time counter 
reaches 200j, the search sector is ended and the counter is reset 
to ^=-6500 No correlation is again attempted with that aircraft 
until the time counter again becomes positive© It should be 
noted that the resetting of the counter to ■♦•100 upon finding a 
better piece of data ensures that the search sector is centered 
on the aircraft regardless of its movementso 



■*^ The values presently iised are much larger than is necessary; 
satisfactory operation can be achieved under present operation 
of the DRR with a sector of about 10 countSo 



(SET TO -650 ON INITIATION) 




RESET TO -550 



INCREASING COUNTS 
(DIRECTION OF ROTATION OF ANTENNA) 



FIG. 3 

TIME COUNTER VALUES 
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5.. 3 Sm:<othln^ 

3-'3-i y fl^j o re f the Pr o 1 )1 em aod Its Restrictions 

As noted, of paramo mt iamortance In the tracking and 
interception actions of the computer is the determination of the velocity 
of ths aircraft under consideration. This velocity imiBt "be determined 
from the heavily quantized ra:i^e and azimuth Indications which, for each 
aircraft p are made availaMe >nly once each I5 seconds. 

For the initial phntas of the Bedford experiments, the prohlem 
of velocity smoothing and tracking was first attacked in its sixaplest 
form and only aircraft flying avraight paths, or paths wItl:jout violent 
turns, were assumed, The importance of such a restriction is evident 
in 'iew of the fact that it is' jossihle for an aircraft to fly in a 
small circle in such a way that the quantization of the data makes it 
appear that the a5.rcraft is stQ-ionaryo Although the methods used were 
designed only for straight-lino flight, they have heen sufficiently 
successful in practive to permiJ tracking and smoothing foJ^ aircraft 
maVring 180^ turns; work is nov being carried out^ however, on more 
E.dvanced methods which will pevmit successful operation in all types of 
Condi t ions c 

In considering the K'ohlem and the desired results, it imist 
0'5 retiem"b8red that sona met ho. 3 of attack were precluded hecause of 

a) limitaliions of internal storage' space in the computer 

and 

h) requirements of computer time„ 

The Btorsge restriction was hy far the most stringent and dictated the use 
of a method which did not reci ire the istorage of a large number of previous 
pieces of radar data. Portuni tely the method vhich was selected to mini- 
mise on storage turned out to he highly economical of operating time. 

30--2 Sf' '6cte of Quant . zation and Sampling 

A convenient , met ho L of visualizing the e-f feet s of quantization 
and sampling; (i.e,, taking riadingc only at certain intervals of time) 
on tho obs'.rved values of reige and azimuth is shown in Pigure h^ The 
flight of a constant-speod sircraft along a generalized coordinate X as 
a function of time is deplclod by th^ heavj- line, the slope of %<hich is 
the X 7Jlocity of the aircrjft. On top of vhie plot is sj^periii-posed a 
grid q/ which the vertiual lines represent the sampling tr*»ies — i.e,, 
the timas of eucceseive obiorvations by th*?- nntenna* — and the horizontal 
linrs represent the quantised values of ?r at ^'hlch the tiircraft can be 
ro'.ortod, 

* In general, as the aircraft changes its position the fiemp ling period may 
increase or decrease Bli£htly, This change, however, is negligible for 
aircraft at ^-r eater than e-. 20 mile range and flying at normal air speeds^ 
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Since the quant lza<: ion la ^ i/2 mile^ tho horizontal lines have a one- 
mile oeparatlonr At any time, tj^,, the aircraft w>uld "be reported as "being 
at the quantized velue, 7 ,- which is cloeeBt to the true po ait lon^ 
Per;fect quantization and error-free radar data are aBBumed, 

If in Fig^are 4 the path of the aircraft were replaced "by the 
values of Xn at times t^, the plot of Figure 5 is obtained. Figure 5 
is capable of further interpretation if through each quantized and 
sampled observation a line indicating the possible true positions of 
the aircraffc is drawn- By doing this, a plot such as that in Figure 
6 is obtained.- 

The tru.e course of the aircraft is such that it intersects each 
of the vertical llnec in Figure 6, In view of this fact, the path or the 
velocity night be determined by a method of curve-fitting. Such curve- 
fitting la not particularly easy to mechanize even for a straight line 
plot .as in Figures Up5> ^^^ ^* i* becomes considerably more^ complicated 
when there t;ro curved flight paths and changes in the slopes on an X-t 
plot,. It should alsa be noted that for a certain configuration and 
limited number of observationsj, it is possible to construct a number 
of different straight lines through the vortical lines of Figure 6, ". 
th'treby perciitting a spread in the possible velocitieso Methods of . 
curve-fiiting \fere e^zcluded from use in the smoothing program under the 
simplified conditions of the initial Bedford esqperlments due to the 
fact that thesf: taethods required an excessive .amount of storage space, 

3°3'3 Sdo o t hing Equations 

Tho method and equations to be described below have been 
modeled after ths so-called *'aided-t racking" method ^ich has been 
used successfully in analog computers- In its^full generality, how- 
eve r^ tho method ie seen to be an application of a procedure of 
"successivei approximations.*' 

Let it be assumed that by some means the computer has a fairly 
good knowledge of the po8ltiontxjj> of an aircraft at time^tj^, and that 
the coEiputer has been able to secure a rough estimate t)f the aircraft "e 
velocity*'^ Call this estimate ±„a 



The notation ^n ^^^ position is used to represent a value \diich has 
more precision and more significant digits than a quantized radar 
readingo 
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iVom the t^o aiian titles x and x it la possible to 

n n 

rv^ko & prediction of the position of the aircraft dTirlng the next 
cean of the antennR, Thp new position vould be given aas 

o ■ ■ 

where .^^t is the period of tha antenna rotation. If, on the next 
scan, it la obsprved that the aircraft is not at "T » but is 

^n+1 
displaced from that point by an amount grfiater than the rosslble 
error introduced by quantization, it would be lof^ical to assuma that 
either "" , or " , or both, were in error. It would then appear 

n n 
to be proper to increase or decrease the estimate of the Pircraft's 
velocity by an amount dependent "uqpon the difference of the observed 
and predicted values of position » A modification shbuld also be made 
ia -or - before the next extrapolation of position is 

X X , - 

n n+l 
attompted:. 

It is, of course, possible to accept the most recent" 
obsf^rvstion as thf> beat -estimate of the f'ircraft's position and use 
this in the nlace of — » There are several reasons, hovever, 

n+1 
why this ir.i^ht not be too satisfactory: first, the observed value 
Is likely to be in error due to qxiantlzation; and second, the radar 
might miss the trrcked aircraft but might pick up and report an 
aircraft flying nearby,' In the latter case, the computer might be 
led to the erroneous conclusion that this observation corresponded 
to the tr-cked aircraft.. As can be seen from the eouations below, 
in this situation if the computer, gives a certain weighting to the 
observation, it will tend to hesitate at "locking onto" this second 
aircraft and will tend to v«ilt for thetadced aircraft to reappear. 
If, on the othnr haiid, the tracked aircraft had made a turn and the 
radar observation, although appearing to be In error, actually 
corresponded to the aircraft which the cojr^^uter had thought was 
travelling in a straight line, the effect of not campletely 
accepting the new observation will only temporarily delay the 
conrputer in following the aircraft in the turn* 

The form of the smoothing equations are as follcva, with 

s_ and X . being smoothed values of velocity, x and x ' 
n n-i " ' n n+1 

bsing smoothad values of position, ?ind x^ being the qtiantized 
observation at t = n. 
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"D ~ T. - X Equation 1 

X n n ^ 



n+l n ^ n 

The aiiantlty D , the difference between the ohserved and 
x' 

predicted values of position, is a measure of the success of the 

Die 
trackinf^ and smoothing operations » The expressions e(^) ^'^^ ^^^ ) 

ar© the correction functions, and represent the corrections to "be made 
in smoothed velocity and position for measured values of D « 

The physical meaning of Souationa 2 and 3 is quite simple: 
E. nrjv velocity is derived from the old velocity "by adding a correction 
\sm \*'hich is a function, g, of the difference "between the o^b served 
and smoothed position? a new smoothed or predicted position is 
ch tains d "by adding a correction term h(."}) to the present smoothed 
position and "by adding in the expected amount that the aircraft will 
trave?. in the next scano 

In actual application, ^^t = 1 (scan) and velocities are 
described in distance per scan^ Th» above eruations are actually 
used for both the x and y coordinates in the form; 

x„ = X, , + e('>) Equation 4 

n n<^l X 

x' , = X -»■ h(I) .) + X ^ 5 



n-J-l 



= x^ -^ h(I^.) + X 



n "^n-l ^^ y ' 

y ., = y + h(D ) + y »» 7 

n-i-l "^n y 'n 

where D = x - x "8 



n 



n 



? = ^"n - ^r 



It 



9 
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In actu?,?. oper£.tlon, Initial values of zero are used 
fur X E.nd y, end the o"b<^prvod 5: and y values of po?5ition 
•ayjor. initiation a ro used for -; and r* 9 VThen the radar ml see a 

o o 

the tracked aircraft, & and D are aeeumed zerOo The f\inctionfl 
S and h are choBcn so that e{0) end h(o) are also zero. 
Under such conditions the smoothing c.j^uatione can "be used even 
1:? a micB haa occurred, and thp computer will merely extrapolate 
the 3: and 7 positions forward with the most recently det«>rmined 
values of velocityr, 



"• Actually, under certain conditions it mif^ht he possihle to make 
a fairly good estimste of thf» ma^itude of velocity of the aircraft, 
and in more r'^stricted situations, it would he feaslhle to guess 
the initial h«>Eding of the aircraft. To provide for generality In 
the Bedford experimento, the initial gu*^ss of zero x and y 
*:'eloc5.ty componpnts is used. 
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^j.?!- ^ ^Iie Oo7 - rection FunctioiiB 

If thp above amon thing eouationg are writtpn for *<pv»ral 
oonf.^cutive raluf»s of n and then are coml)ined, It can "be shotm that 
g tiid h reprpsent wpightin^ functions, and th^ir values are of 
^rpab inrnortance in "vpi^htinf;'' past "valuej? of entoothpd popitione 
and velocity in the current estimates. 

There ere a number of forma that the g and h functions 
mit^ht reasonably take. If the corrections ar** to "be linear (propor- 
tional), the curves of Figure 7 apply. Thi? tyre of correction function 
is tho one currently employed in thp smoothing procesB, having been 
chosen for initial use because of the fact that it eppeered to be 
j^etigfnctory and w?is obteinabl.- at a relatively low expense of storage 

GimC'3» 

The most important choice which had to be made in respect 
to the use of this linear correction was that of the slbpesj oC sad a, 
of the velocity and position correction curves* By making <P^ and a 
equal tc unity, on^ essentially makes a full correction, introducing 
the error in f^ill 2.3 the correction. Such a choice of parameters wouSi 
be satisfactory if there were no oxaantization in the radar data; with 
the quantization present, hovcver, an o< and a of unity produces 
large oscilletions in smoothed velocity and position o 

Ao noted abova, zero is used psthe best a priori guess of 
the y. and y velocity components of a tracked aircraft* It is 
then cleoirable to proceed from this initial guess to the actual 
velocity components of the aircraft as rapidly as possible: once this 
vSvlue is refiched, the effpcts of oupntizatinn must be minimized. 
These tvo recuirenients demand oppositp extremes in the values of a 
and sp( 5 values cf a and c( close to \mity will permit a rapid 
approximation to the velocity (components), while low values of a 
and ewj ara necessary if the smoothed velocity is to settle do%m 
to a steady value. (The entire problem has a close analogy to an electrical 
network response or filter problem, Thp requirement In for the 
desi/?n of a filter whlc-- in response to a sampled and Quantized 
r&inp function input of position v;ill supr»ly a velocity step-function 
output. The selection of a and ©^ can be compared with the 
problem of selectin/Ej suitable values of parameters in an R, L, C 
circuit; dependinf. upon the choices of parameters, underdamped, 
overdamped, or damped out-nut npy be ob-^ained.) 

Thus, in usinf: the linpar type of correction, it was 
first necessary to select values of a and 0/ which gave a 
sati^fnctorr-r compromise betwern thp timp that it took to -nroceed 
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LINEAR CORRECTION CURVES 
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froi-. tho initial fintiniito of z«ro to tho true velocity of tho aircraft 

a:o.d the rosul^/ln^^ r-jffpt.^Ca of qiwntization aftRr th*» atoady-flSiP-to 

v.nlwe hrid "been reachedo The pnioothin^ eouations with thp linepr type 

cf correction are act):iplly two linear difference eoimtionR, and as 

F'.-'.cli a homo^enoufs (transient) aolntion can be found rather op-sily 

l<y f^nalrtical inf»frns. Thp eouations can also be solved for campled 

■hilt. not. ouanti'/^d Trqi-»i.'.>s of z . Both solutions depend heavily 

n 

upon the valuea of a and 0\ , and even without the effects of 

ouantization it is difficult to choose values for a and o^ . 

As an aid in the selection of a and Os^ , the computer 
has bfisn i/TOgrarnaed to simulate qiinatized data. This data is 
&:ioothed by the computer and the results are displayed along vith 
t'rip truo valuesi of po<?ition and velocity on an oscilloscope. Various 
values of a and *=K can be inserted manually, and a simulated 
fli^^ht test of about 100 miles length can be completed in less 
than a second., PictuTes of the results for various combinations 
O's a and ^ \^ere taken and the pictures vre compared in an 
s.ttnrrn^t to self»ct optiouu) valuQSo The choice finally reached %fas , 
tnao of <=*^ - 1/16, a == 5/I6, These values cause the velocity 
2'?3}5onsa to overshoot slightly? the velocity gets up to within about 
lOfj of the tru-^ vs.'ue in abouv 10 scp.ns and remains within about 
-: 55^ during thi 3tead;r stater 

As an aid in analyf^ing the p^rfprmance of the smoothing 
under actual data, a program has also been written which prints out, 
onco each sr'-an, the velocity end position information for a tracked 
aircraft. An Gxairple of this printed data is given in Table I, 
The study of a nuTber of such printed restilts of smoothing actual 
r.idar dr- ta K^^s shovn a close similarity to the results obtained 
vit)i niinulated data^ 

3o5n5 Hon'^Linear Cor rection 

As noted, the linear type of correction w?s initially 
CDnsidered and used because of its simplicity and economy. Experience 
of vhe past months and closer inv.'>stigatlons of the smoothing problem 
biv(} now indicated th:a.t great improvem°nv,B can be made if non-linear 
correction were employed It is? also fairly obvious that the 
srnoothin?? problem consists of tvo main parts: a) the transient state, 
existlnf? aft«*r initiation or after an aircraft cums or changes 
velocity, and b) the steady=»state siti;iation when the aircraft is 
continuing with constant velocity componentsc Work Is now progressing 
on uhv study and implementation of non=linpar correction. It appears 
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The above datt wus produced and printed out "fcy tlie computer 
during a:i actual flight test on May 25, 1951. Each line of data 
oorrespcnds to a Kcan of the antonnao The printed data represents 
a period o- tiao after tracking had been initiated; for this reason 
the 3rd and 4th coluinns do not show the initial rero velocity 
GstimatG3» -he rieht^hand column represents the number of returns 
falling, within the search area; a indicates a radar misso 
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tlir i: it, i" advanta^reciir, to n:3lve the correction noj;-linf>ar with the 
3:.2G. of the c-CLrrpntly-o"b?;'^rved D, As noted, a.t thfi presi^nt timo 
?: er.d j'- -Donitionr- ?.nd velocity componente are smoothed indopendently 
A further stffp m?-y bp to SR-iloy a tenhnioue which f»ffectivfily ties 
to^T;thpr the tvo velocity components, and the smoothing of velocity 
m.!,gnitude and hpadinf; could "be attempted., 
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4 r 3. G-91-tfe rn.l Cons idoral i pp r p;ig . Assimp tions 

The eocond ms jor function of ths computer in th?» program at 
liand ip to conpvLtf: t'nr- hf^Pding inatructiona necen^sary to giiide one 
aircraft — the intprceptor — - on an interception course with the 
n^^cond aircraft — the targets As noted, thege interception 
instructions are intended solely for the mid-course ^idance pnd in 
the ultinBte state arp intended only to position the int^rce-ptor such 
that thp flnrl phases of tho PttacV can "be cerried out under the 
direction of nn airhome radar r-^nd fire control system. In the 
czparimonts, hovevsr, due to the lack of the appropriate eouipment 
for directing the flnpl phases, collision course heading Instructions 
are given to the pilot vaitil thp aircraft paths crosso 

The radar systPin at Bedford provides no height information 
and thp experis^ients are necessarily of a two dimensional nature. For 
safety in the fli^:ht tests, the target and th'^ interceptor fly at 
altitudes differing "by 500 feet* Other restrictions are made necessary 
because of insufficient computer storage capacityo At the present time, 
no specific programming provisions are made to handle the effects of 
vind and although the computer trades both aircraft and derives a 
smoothed velocity for each, the smoothed velocity of the intr-rceptor 

is used only in the tracking and not in the interception computatlonso 
The velocity of the interceptor is pre-arranged with the pilot of that 
aircraft and its val'^'a Jsinserted manually into the machine through a 
flip-flop register^ In order to compensate for some of thp effects 
of the wind, tho insprted velocity is usually altr»red to account 
for head-vinds or tail-vinds along the genere-l intf^rce-otion course. 

In dealing vith the interception ^oua tions it is convenient 
to degcribft throe types of interception courses. A pursui t course 
is that Jn which the interceptor is always directed towards the present 
position of the target. The determination of the instruiJtions for 
such a course involves only a knowledge of the ts.rget's present position 
end not its velocity. The pursuit course is gene-rally curved in nature, 
^^ I ^•?-.4'^I}ur flU i t course is th^t in which the Intprceptor is directed 
tov;p.rd some point on the extrapolated peth of the target. Instructions 
for this course rpauire a knowledge of the target's velocity end heading. 
^'- co lli pj on course is a full lead-pursuit course In which the 
interceptor is directed to cross the extrapolated path of the target 
at a point where it will collide with thp target. A collieion course 
requires a knowledge of the t^-rg^t's velocity and heading, and if the 
target is flying a straight path, a collision course entails a 
straight mlniraurn-di stance path for the interceptor. 
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4^2 In-; :fircept ion 3oua.tlone 

The follovririi^ notation will "be used in deriving the 
intrrceptlon eauationso The quantities defined are listed in 
Figure 8: 

T = magnitude of velocity of int'^rceptor 

V = target's velocity along x coordinate 

V = target's velocity along y coordinate 

4^T = X coordinate difference in positions of target and 

interceptor 

A.7 = y coordinate difference in positions of target and 

interceptor 

£r& time to interception 

= heading angle (with respect to positive x axis) 
to "be given to the interceptor » 

The equations defining the collision course are those 
which state that the aircraft and interceptor will "be at the -.same 
point in space at the same timeo For the two coordinates these 
aquations ares 



(T^ cos ^ ) X" ~ -^^ **■ \x • ^ "Equation 10 
(Vj sin ^) 2r = Ay "^ V^ • 2^ F^uation 11 



4og Solution of Et^uations 



Although a nuiriber of methods for solving the above 
equations i:>ight he used, the particular r^^quirenpnts invoked hy 
the computer are such that an iterative procedure Is desirahle* 
The foll^'r'lng procedure has heen found to he the most satisfactory 
under these conditions and is presently usedt 

If Equations 10 and 11 are divided "by '^, souared, and 
added to each others 



or 

r T-x' " ^ T 'Ty 



V? = (^ + V_ f •*■ (-^ -f v.. )^ Equation 12 



yA 



Ay 



W- 



W, 



rNs^jwiND 




INTERCEPTOR 




-Ax 



TARGET 



legend: 
^I = AIRSPEED OF INTERCEPTOR 
Vjjj- TARGET'S GROUND VELOCITY ALONG X COORDINATE 

Vjy= TARGET'S GROUND VELOCITY ALONG Y COORDINATE 

Wx = WIND COMPONENT ALONG X COORDINATE 

Wy = WIND COMPONENT ALONG Y COORDINATE 

Ax = X COORDINATE DIFFERENCE Of TARGET S INTERCEPTOR 

Ay = Y COORDINATE DIFFERENCE OF TARGET & INTERCEPTOR 

T=TIME TO INTERCEPTION 

\/^ = HEADING ANGLE (SHOWN WITH RESPECT TO 
POSITIVE X axis) 



INTERCEPTION NOTATION 



FiG. 8 i 






if, SiU hE.0 "been tho case in thR Bedford expfirline'nta, 
tlie intfrcnptor's velocity is greater the.n that of the tp,re*»t, 
then for "^^ C, Eo"UEtion 12 will "be an ineoiiality vlth the 

't 

left-hand side cr^^ater than the righto This ineqTaalitjr will hold 
^■^ -A is incrpased, until JL^ reaches the proper values for the 

solution of the equ£.tiono The iterative method of solution, then, 
is to start vith ^c and to increase JL, "by small increments untilt 

2 P, 

Actually, the procedure used corresponds to assuming at 
first that the time to interception is very large (infinite) and 
then decr»°asing this time until the proper value is founds It is 
more convenient in practice to increase 1 in small incremento 

I'ather than decreasing Q itself j in this way, the time eotimat© 
Is quickly dropped from infinity to reasonable values and to val\ies 
vhich have successively smaller increments. 

Af tnr the nroper value of 1 is reached, Eauation 11 

if. divided "by Equation 10, ^i'^ingi ^ 

FJn^y =■• tan ({/> = — ^^ ^^ Eauation 13 



SeveT-al methods are a^aila^ble for finding the inverse tangent t 
One v/nich ie ouite convenient employs the approximations 










Eouation 14 



This approjzimation permits the doterminstion of y' as a part of a 
revolution hetveen «l/2 and 41/2. The maximum error Is I/I8OO 
revclutloM or o2 dogreeso Following: the evaluation of \jj in this 
fonri, thn angln is transformed to a clockwise sense relative to 
magnetic nort)i and is then converted to a binpry-coded form for 
display in a flip-flop.. 






5-1 CrGncj.al Conuidorations 

The general principles and 'the logic "behind -the track- 
whilo-fjCRn function has "been e::q>lained in Section III and the 
iniportcjit factors rc^^^arding the interception computations were 
deecriue^. in Section IV„ This section describes how these various 
pieces t^o togethei to give the complete interception prograia„ 

The track- while-scan function must be carried out both 
for the taraet and the interceptor. To track one aircraft requires 
both the nGcesssi^ program orders and a small number of storage 
regiaterB containing data pertinent to the tracked aircraft. For 
trackir^g two aircraft ^ it is possible to use essentially the same 
program orders and a second set of data storage registers,^ it is 
uoceseary, hov;ever. to provide that proper steps be taken so that 
the program orders v;ill operate with this second set of data. One 
mothod of handling such a problem would be to modify the pertinent 
addresses ; the program — that is*, those orders whose addresses 
refer to the aircrafi? data. This method was rejected because of 
space considsrationoi, and the method presently used does not alter 
the addresstts in the program, but rather interchanges the positions 
of the two sets of data so that the program operates first upon one 
at3t,, and after the interchange^ on thc^second set. After two such 
interchanges each set of data is back in its initial 3)OBition, 

5-5 Explanation of Flow Diagram 

Th8 nuiaber she side the descriptive material on Figure 9 
■i^f'eji' to the addresses of the orders used to perform each of the 
deacribfcd fixnctions. For ease in reference^ the various parts of 
tb;s flov difigram will be described by these register addresses. 
For ex(^pleV the notation (2S5-2S7) refers to the "Form and Store 
'/j^ at the top center of Figure 9 



tr 



'Alter the program has been read into the computer, the 
first function carried out is that of extracting the manually- 
incierted velocity of the intercettor^ 7i^ from one of the FF"Si 
squaring it to form V.j^-j,, and storing this for future use by the 
interception ;"»rogra!u„ See (285-287) - This section ofthe program 
is performfcd only once, this being immediately after the program 
has been read into the computer, 
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285 FORM AhO STORE V,' 
287 ' 



32 INCREASE TIME COUNTERS 
33 



J_ 



_r 



14 IS THERE ANT NEW OATA» 
36 (IS ffA POSITIVE ?> 
4 WO 



T£ST 



37 IS IT AN AZIMUTH f 
38 



64 IS IT A ZERO RANGE r 
65 

jits 



39 FIND SINE AND COSINE OF INPUT AZIMUTH 
63 



66 CONVERT TO X,Y COORDINATES 
73 AND DISPLAY ON SCOPE 



123 RESET FFO TO A POSITIVE QUANTITY 

— : i — 



74 00 WE WISH TO INITIATE TRACKING ? 

75 (IS FFO NEGATIVE?) 



ftS 



jho 



144 FIND AND STORE t AND y DISTANCES 
jl 4 9l(A».fly> BETWEEN INTERCEPTOR AND TARGET 



126 IS AIRCRAFT UNDER CONSIDERATION 
128 THE ONE ON WHICH WE WISH TO 

INITIATE f 

T C»f 



4 NO 



129 RESET TIME COUNTER 
130 



150 DO WE WISH TO COMPUTE HEADING 

151 ANCLE INSTRUCTIONS? 
;m6 



TR 



76 INCREASE THE TIME COUNTER 



131 SET INITIAL VALUES OF VELOCITY 
133 COMPONENTS TO ZERO; DISPLAY 
A POINT AT CENTER OF SCOPE 



150 INCREASE l/X 
151 



77 IS IT TIME TO LOOK FOR THE AIRCRAFT? 



jwo 



I 



152 F0Rm(4^ + Vtw) 
158 ^ ■t " 



78 HAS SEARCH SECTOR BEEN COVERED ? 
79 



134 STORE X AND Y POSITION COMPONENTS 
137 OF INITIATED AIRCRAFT 



JHO 



138 SET UP LARGE SIZE OF SEARCH AREA 
141 



80 RESET THE TIME COUNTER 
81 



82 WAS THE AIRCRAFT FOUND DURING 
8 4 THIS SCAN OF THE ANTENNA ? 



216 DOES LATEST PIECE OF DATA 
229 CORRESPOND MORE CLOSELY 

TO THE PREDICTED POSITION 

OF THE AIRCRAFT f 



TCJ 





TtS 






85 DISPLAY TRACKED AIRCRAFT 
88 ON F SCOPE 






, , 




89 PREPARE TO SET UP SMALL SIZE 
OF SEARCH AREA , i 



230 RESET THE TIME COUNTER 
233 



142 PREPARE TO SET UP 

143 LARGE SIZE OF 
SEARCH AREA 



234 REPLACE OLD DATA 
239 WITH NEW DATA 



90 SET UP SIZE OF SEARCH AREA' 
91 



92 SMOOTH VELOCITIES AND 
105 PREDICT POSITIONS 



106 RESET DEVIATIONS (O^ AND D.) 
108 •' 



NO 



159 FORm(— + Vy.y 
165 ^ t ' 



I 



115 ''O"" [(-T^^T.r + l-T+^Tyyj-V.* 



168 IS THIS QUANTITY POSITIVE? 

__ 4no ~ 



169 FIND 1' BY USE OF 

191 ARCTANGENT APPROXIMATION 



192 CONVERT t TO DEGREES WITH 
212 REFERENCE TO MAGNETIC NORTH 
AND DISPLAY IN INDICATOR LIGHTS 
OF FF3 IN BINAAY-COOED DECIMAL FORM 



213 RESET l/X TO ZERO 
215 



109 INTERCHANGE POSITIONS IN 
116 STORAGE OF THE TWO TRACKED 
AIRCRAFT 



117 RESET INTERCHANGE PROGRAM 
121 



122 HAVE TWO INTERCHANGES BEEN 
124 CARRIED OUT? 



;«y 
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■J 
'I'ho best place for investigating the- general action of the 

ooraputor ic at (3V36). The three orders in these registers inspect 

thrt input FF for data, These three orders are continuously cycled 

through until datri -Is fcund, t}ift.t is, until FFU has received some im)ut 

data which makes its contents positive.. When no data is found, the 

cyclin^^ action 1e indiCBted ty the "no" output from (3^-3^)- 

Ivhien dai;a ir; found it may either be an azixnuthp a range^ or 
a zero ts-nge . These three cases will now be diacussed individually. 

a) Azimuth 

<^* (37-32) an inspection is made of the appro- 
priate digit (digit position 1) to .determine 
if the data is an azimuth. If so? the program 
proceeds to (39'"63) where the sine and cosine 
of the azimath are found. Following thisy a 
return is made to (32-33) where the time counters 
for each of thetwo aircraft are incFeased by unity. 

b) Zero Rantje 

If the data is not an azimuth^ it must be either 
a range or a zero range, Zero ranges are checked 
for at (64-65).' If a zero range is disco veredj 
the program proceede tu (lUU-l49) at the right - 
hand jide of Figure 9'. This section of the program 
perforiDfi the interception computations and will be 
diecusoed bslow following a description of the 
tracking section,. 

If a range is found at (6^-65) this range is asso- 
ciated vith the azimuth most recently receivedc A 
conversion is made to (x^y) coordinates and the 
{x.j) coordinate of the point is displayed on the 

D- scope 6 

IiriLjeaiateJy ^;ftr.r « z"j.:^^c is received and a point displayedj a check 
Ic next icaci'i at (yU-^yp^) Iq determine if initiation of tracking on this dis- 
played spot had been deairedo Xf initiation had been desired;, a pulse from 
the light-gun would Ixs.yq returned end set the contents of FfX) to a negative 
valuCc Consider.!, for the preeen'vy that initiation was not desired; the pro- 
gram thon proceeds fron the ^no" :>Uv-put at (7^~75) ^^ (T^)* 



.:-Je^o^::;n:v.u;^• i-i-ly-ij) 

I'-t {"(G) tho 'oiine counter is Increased t>y unity.. At (77) 
;:v cheok is raads to ese if tho nev/ value of the time coiuater io poei- 
•u.'.--7C. or negative; if negative,, it is not tine to attenipt any cor- 
rQlc.tiQn (Section 3-2, b)^. and the conqputer proceeds to (I09-ll6)o 
At this point, the set of registers containing the tar^jet and inter- 
ceptor axe interchanged.: Following this interchange, the Interchange 
program is reset at (117-121) . A check is then raade to see if tvo 
interchanges have heen carried out^ if not, the conroater returns via 
(l?5) and (126-128 )'--Boe explanation "below- -to (76) la perform the 
above -mentioned checks against the other aircraft. If at(l?2-12U) 
the indication is that tv,^ interchanges have been made, the computer 
has tested the most recent piece of incoming data against hoth air- 
craft and the prograsi should leave (122-12^) on the "yes" output and 
return to {"^h-jG) - 

After the first interchange has been carried out, the computer 
returns to (76) through (125 ) and (126-125). At (125) the light-gun 
flip-flop is reset to a positive quantityj, so that another initiation 
can he detected at a future time and at (:h.26~12S) a check is made upon 
initiation.^ It should he noted that extreme care must be taken in 
order tha.t initiation by the light -gun also properly identifies the 
aircraft e.z a target or interceptor; this action is undertaken at 
(l26-12Sh 

At some point v/i-thin the scan of the radar, the computer j, 
haviD^ come through (76),, will find at (77) 'tbat the "time counter is 
positiTe. The computer proceeds to (78 - 79) where it is first neces- 
ear;' to desermine -^'hether the search eectpr has ;)ust been completed — 
that icj, wnsther the tiae counter has a reading greater than 200. If 
the sef.rch sector has not been coveredJ^ the computer will proceed from 
the^'no'' output to (216-229)- At this point a check is made to see if 
this mcst recent piece of incoming data corresponds any more closely 
to the predicted position of the tracked ai'Tcraft (aircraft or inter- 
ceptor ap. thp cnqe may be) than a previously received piece of data 
(see S8ction3>.2cU!'Jf this latest piece of data is not better, the 
_^2^utiur.-proceod6 from the output of (2l6 ^ 223) t- (i09 -llu) for the inter- 
- change program. When a new piece x data does appear to be better 
than ai;y previous piece, the time counter is reset to 100 at (230-233) 
the previously selected piece of radar data is discarded in favor of ^ 
the nioet recent piece at ( 23^^239) f. and the do nrputer proceeds to the 
interchange (IO9-II6) . resetting I^; and D.^ to their now value. 

At some later time,, upon passing through (76)^ (77),ai^id(7S-79) 
it. win be found that the time counter has reached a value greater than 
200-. It should be noted that although the time counters are increased 

on each, p.rimuth and zero range -" this increase being made at (32~33) 

the contents of the time counter are only investigated by that part of 
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bhs pjogi'EJU eoai^tini^ at (76>.. For thin reaeoiit it io pooBl"ble for tho 
tlrco cjuiitor to have reached a value greater tlian 200 "before the time 
ccvmter is investigated at (ys ~ 79) ^^^ thus it .nus* "bo prcpcrly rfsfc'l; 
at (80-83.) . A check is then made to see if the tiircxi*xii had uo&n 
o^servsd during the preceedin^ ocan of the antenna. This check, at 
(S2-8U)t is performed^ see section 3- ^L.^H-oy an Investigation of the 
sua of the squaress of the {x,y) coordinate differences "between the 
predicted (smoothed) aircraft position and the "best ohserved radar 
position.. 

If the aircraft was missed during the proceeding scan of the 
radar,, a larger size of search area is set up for the next scan through 
thecomhination of (1U2-IU3) and (90-9I). If the aircraft was seen 
during the scsn, a spot is displayed on the P-scope by the action of 
(85-88"^ and the small size of soaruh area is '"stablished as a result 
of (39) ^^^^- ^90 "^ 3^) ■ RegardlosB of whether the aircraft was or was 
not sean during the scani, coordinate velocities are smoothed and 
positions are predicted at (92«105)' As noted in Section ]^r, 3 ? if 
the aircraft- has "been missed during the 8can„ the effect of the 
smoothing anrt prediction section is to retain the same coordinate 
velocibiee and use them to extrapolate position one more gcaii.. At 
(106-108)5, the deviations (D;j; By) are reset to zero in anticipation 
of possihly missing the aircraft during the next scsm,. 

If initiation of tracld.ng is desiredy the -computer will hava 
"been directed to (129 -^ IJiO) .. As noted above\ this is done only aft err 
uhe proper corapariBon ie made at (126 - 128) which provides the aorrect 
action depending upon the results of the interchange program. At (129" 
130) t.ie time counter is reset to a negative value of~550^-2'*'" \ At 
(131 " 133< ^^® initial values of the velocity components are set to 
zero, and in the process of doing so? a spot is displayed at the center 
of the D'-Bcope ae an aid to the human observer. The x and y position 
compon en. P x)rre spending to the received piece of radar data are then 
stored ao the Initial position of the initiated aircraft. This is 
done at (13U ~ 137). At (13S ~ 1^1 ) the large size of the search are'a 
is set up and the program then proceeds to (IO6 - 108) where D^^ and Dy 
are set to zero. 

One step in the t^olution of the interception equations(l^ e = 
an incremental Increase of 1/^) is performed each time the computer- 
detect,* a zero range. After the detection of a zero range, the program 
pro cee'^s from the "yea" output of (6U-65) to (lUll-lUg),, These orders 
8tore/\x and (Ay J) the coordinate distances "between the target and the 
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i..At:;rc©p-l;ort At (I50"l£l) a check is niado to see if the human 

operator decires the intorcoption equationa to te solved; this 

io indicated by the algebraic sign of un externally reset flipc 

f.loT register c If the computations are to be made, I/7;! ia 

incr eased at (150-151), (Z^y/T^-t- V„ )2 is formed at (152-158), 

^ / A3t -i- V_ )2 is formed at (l5?c»165)o The difference 
and v> *%ii 



/J 



v/ is formed at (166-167), and 

If the computation 



T3C' 

the sign of the difference is checked at (168) 
was completed at this step^ the computer proceeds on the "yes" 
output of (168) to (169-191) and (192-212), These two parts of 
fne program find the heading angle by means of the arctangent 
approximation and then convert the angle to degrees measured 
with respect to magnetic north <. The heading angle is finally 
converted to binary— • coded decimal form and displayed in the 
lightt; of FF3o After the angle has been set up in the flip- 
flop register, l/^is reset to zero at (213>=>215) in preparation 
for the next computations As shovm, the computer always per- 
forms the interception computations provided that the flip«flop 
is sot so as to give the proper result at (150-15l)j once the 
computation is performed, it will be repeated, giving the same 
result unless a scan has passed and the smoothed positions of 
the aircraft result in a different Ax or Ay at (144-149) c 
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AFPENLIX 



a ) Location of_Fl^p^F lop Registers. "Universal" Constants, and Data Storage 





1 

8 

23 

28 
29 

30 

31 
250 

251 
252 

253 
254 
255 
256 
257 
258 



+0 

lA 

FF3 angle display flijr-f lop 

FFO light gun flip-flop 

FF4 data input flip-flop 

FFl 1/^ 

FF2 Vj 

1/2 - 2°-^^ 

^ 260) time counter 

J. 261) X smoothed position 

, 262) y smoothed position 

s 263) y velocity 

, 264.) X velocity 

^ 265) "x difference between observed and predicted position^ (D ) 

J 266) y difference between observed and predicted position, (D ) 

J' 

„ 267) search area size - initial 

J 268) search area size « running 
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b) 


Complete 
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Program 
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250 


64 


cp 


142 


136 


ca 


272 


33 


ao 
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85 
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251 


137 


ts 
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34 
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su 
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91 


ts 


268 


143 


sp 
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40 
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08 
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41 
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272 
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mr 
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251 


42 
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272 


94 
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08 
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mr 


189 


96 


sa 


255 
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45 


su 


189 


97 
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251 


149 


te 


282 


46 


nh 


273 


98 


ts 


251 


150 


ao 


29 


vA7 


8l 
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99 
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256 


151 


op 


32 


48 


ad 


279 


100 


mr 


271 
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mh 
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49 


air 
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ri 
-5/16 
+7/24 
ri 52 



ri 660 

ri 100. 

ri 200 

ri 660 



188 qe 276 

189 op 704* 

190 08 276 

191 ts 276 

192 ao 0** 244 ri 18 

195 &7 29 245 ri 
194 8l 6 

196 ts 50 

196 08 242 

197 ad 276 

198 sa 106 

199 mh 276 

200 sr K)2 

201 ts 8 

202 si 4 
205 mh 277 

204 tB 278 

205 si 16 

206 mh 277 

207 ts 29 

208 oa 278 

209 Bl 5 

210 ad 29 

211 si 1 

212 td 8 

213 ca 

214 ts 29 
. 216 sp 52 

216 OS 274 

217 sa 251 

218 ts 269 

219 mr 269 

220 ts 246 

221 cs 272 

222 sa 262 

225 ts 269 
224 mr 269 

226 sa 246 

226 ts 246 

227 oa 258 

228 su 246 

229 op 109 
250 oa 247 
231 ts 260 
252 ca 246 

255 ts 268 
254 OS 269 

256 mr 86 

256 ts 265 

257 08 269 

258 mr 86 

259 Bp 108 ♦♦Orders 192-195 

should be disre. 
♦(+.8965) garded* 
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